The island of Suursaari in the middle of the Gulf of Finland is exceptionally high (175 m a.s.l.). Sediment profiles from one mire and three lakes were investigated using diatom and pollen analysis, radiocarbon dating and levelling of the elevations of ancient shorelines. The pollen stratigraphy of the Lounatkorkiasuo Mire sediment suggests a sedimentary record dating from the late Allerød. The development of late-glacial vegetation went through the same phases as in southern Finland, however these are probably somewhat earlier on the island of Suursaari. There are differences in the Holocene vegetation history of the higher and lower areas of the island. Lake Ruokalahenjärvi was isolated around 10 000 BP during the initial phase of the Yoldia Sea and the diatom assemblage indicates that at that time brackish-water flow had not penetrated into the Gulf of Finland. Diatoms from the isolation sediments of Lake Liivalahenjärvi and Lake Veteljärvi indicate a freshwater environment for the Yoldia Sea final phase at 9500-9600 BP. Levelling of coastal formations on Suursaari Island reveals that the Late Weichselian and early Holocene ancient shorelines are 5-15 m higher than expected from the isobase data for similar land uplift areas on the mainland. The anomalous shoreline levels on Suursaari Island may be explained by irregular land uplift. By the time of the Litorina Sea differences in shoreline altitudes had disappeared.
INTRODUCTION
Palaeoenvironmental studies and reconstruction of the history of the Baltic Sea have a long tradition in both Finland and Estonia. Several attempts have been made to correlate the various stages of the Baltic Sea on both sides of the Gulf of Finland, namely comparing the ages of transgressions and regressions, different shore displacement curves, and litho-and biostratigraphy (e.g. Sauramo 1958 , Donner 1966 , Kessel et al. 1988 , Raukas & Hyvärinen 1992 . There is, however, a lack of biostratigraphic studies of offshore sediments in the Gulf of Finland (Åker et al. 1988 ) so that a gap in the geological record between Estonia and Finland remains and hinders correlation and reconstruction of the history of the Baltic Sea.
The island of Suursaari (Hogland) is located in the middle of the Gulf of Finland, about halfway between Estonia and Finland. It has unusually high relief (175 m) and possesses numerous sets of shore deposits and features at various altitudes. Surveying the altitude of ancient beach-ridges, measurement of the thresholds of lakes and mires, and sediment coring and sampling of three lakes and one mire were carried out during short visits to Suursaari Island by a group of Estonian geologists in the summers of 1989 and 1990 . The basal part of the four sediment cores were investigated by means of diatom and pollen analysis and were radiocarbon dated (Table 1) . These records offer excellent material for palaeoenvironmental reconstruction of the area following the final deglaciation of the Gulf of Finland. Moreover, the data allow correlation of the shore displacement patterns of the Baltic Sea between Estonia and Finland.
STUDY AREA
The island of Suursaari (Hogland) is located in the Gulf of Finland (60° N, 27° E), 40 km south of the coast of Finland and 55 km north of the Estonian mainland (Fig. 1) . The island was previously part of Finland but was surrendered to the Soviet Union in 1944 and has since been occupied by military troops. For that reason access to the island has been very limited for the last fifty years.
The length of the NNW-SSE elongated island is 11 km and its largest width is 3 km. The highest points on the island are, in the north, Pohjoiskorkia (108 m a.s.l.), in the middle, Haukkavuori (142 m a.s.l.) and, in the south, the summit, Lounatkorkia (175 m a.s.l.). This relief is exceptional among the islands of the Gulf of Finland.
The bedrock of the island is crystalline and consists mostly of Precambrian Svecofennian gneisses, gabbros and granites in the western part of the island and of Subjotnian quartz porphyries and quartzite conglomerates in the east (Puura et al. 1992) . Quaternary sediments are mainly limited to valleys, the dominant type being coarse shoreline deposits occurring as boulder ridges, boulder or shingle fields, or shoreline scarps, at various altitudes throughout the island. At various levels, there are four lakes and a few mires containing organic lake sediments and peat.
Suursaari Island is the closest area where Estonian geologists are able to investigate the exposed crystalline basement. The first papers describing the geology and petrography of Suursaari Island were written by geologists from Tartu University, namely Hofmann (1841) , Lemberg (1868) and Lagorio (1876) . Ramsay (1892) compiled the first geological map of Suursaari Island at a scale of 1 : 60 000. Berghell (1896) measured the altitudes of raised beaches and correlated them (without any micropalaeontological evidence) with the different stages of the Baltic Sea. Kurki (1915) , in his geographical overview of Suursaari Island, also reported altitudes for the different shoreline deposits and features, and described the geomorphology of the island. Until now the most detailed data available about the Quaternary geology of Suursaari Island is that given by Sauramo (1958) , who, in addition to shoreline measurements, gives the results of pollen analysis at three localities on the island. Preliminary results for the palaeogeographical and vegetation history of the island ) and a checklist of diatoms found in three sediment sequences of Suursaari Island (Heinsalu 1997) have been published recently. 
METHODS
Lake sediments were cored with a Russian peat sampler from a raft made of two rubber boats. Sediments were subsampled as 2 cm slices taken at 3 cm intervals and packed into plastic bags. For diatom analysis the samples were treated with 30% H 2 O 2 at room temperature, and later at 50-60 o C, until all organic matter was removed. It was necessary to further treat some organic-rich gyttja samples with hot 10% HNO 3 and some drops of concentrated H 2 SO 4 . The diatom frustules were separated from the coarser and finer mineral matter by repeated decantation. In slide preparation Naphrax was used as the mounting medium. The analyses were carried out under a Leitz Diaplan microscope at 1250x magnification (N.A. = 1.25), using oil immersion and phase contrast. In each sample 400-500 non-Fragilaria spp. valves were counted. Because of mass occurrence in some of the samples, Fragilaria spp. is excluded from the base sum for the frequency calculations. Lycopodium tablets were added to a fixed weight of sediment (0.1-0.4 g dry weight) after digestion of organic matter from the Lounatkorkiansuo Mire sediment sequence in order to obtain information on palaeoproductivity and to express quantitatively diatom results. The following references were used in diatom identification: Hustedt (1930) , Hustedt (1927 Hustedt ( -1964 , Mölder and Tynni (1969-1973) , Tynni (1975 Tynni ( -1980 , Krammer and Lange-Bertalot (1986-1991) , Lange-Bertalot and Moser (1994) and Camburn and Kingston (1986) . Diatom assemblages preserved in lake sediments give a good record of water pH history (Battarbee 1984) . New methods using various statistical techniques have been developed for the reconstruction of past pH history (Braak & Dam 1989 , Birks et al. 1990 ). However, in the absence of calibration data for diatom assemblages from Suursaari Island, such methods cannot be used. Therefore, index B (Renberg & Hellberg 1982) based on linear regression models and grouping of diatoms into pH preference categories has been used for the estimation of pH history. Although not a very precise method, it provides clear trends in changes of pH through time.
The pollen samples were prepared by the standard acetolysis method (Berglund & Ralska-Jasiewiczowa 1986) . Basal minerogenic samples were treated with heavy liquid CdJ 2 + KJ (2.2 g/cm 3 ) to remove the mineral particles. About 500-700 arboreal pollen (AP) grains were counted for most of the spectra and in samples taken from the lowermost stratigraphic layers the AP sum remained around 300 pollen grains. Pollen percentages were calculated as AP + non-arboreal pollen (NAP) = 100% (pollen sum). The percentages of other microfossils, such as pollen of aquatic plants (Aq), spores, algae and charcoal, were calculated from the pollen sum + the actual value for the certain microfossil = 100%. The pollen and diatom diagrams were plotted using TILIA and TILIA-GRAPH software (Grimm 1992) . The organic content of the sediment was estimated from loss on ignition (LOI) at 550°C for 2 hours.
Conventional radiocarbon datings were carried out at the Institute of Geology, Tallinn Technical University (Tln) and Geological Survey of Finland (Su) and the accelerator mass spectrometry (AMS) dating at the Ångström Laboratory, Uppsala University (Ua). Radiocarbon dates are presented as uncalibrated 14 C years BP. Bulk sediment, soluble fraction (SOL) and/or insoluble fraction (INS) of the organic material has been used for dating.
Surveying the altitudes of shoreline deposits and the thresholds of lakes and mires was carried out using a levelling instrument (DAHLTA). All profiles were tied to the present sea level and corrected in accordance with sea-level measures at Suurkylä harbour. The levels of both the top and the bottom of the coastal formations were measured with the assumption that their bottom marks the former mean sea level.
SEDIMENT CORES AND RADIOCARBON DATES Lounatkorkiasuo Mire
Lounatkorkiasuo Mire (Table 1) is situated in the southern part of the island, in a depression between Lounatkorkia and Vähänkorkia hills (Fig. 1 ). This small mire at 96.0 m a.s.l. is surrounded by Picea, Pinus, Betula and Alnus dominated forest with a field layer containing Salix, Juniperus, Calluna vulgaris and Empetrum nigrum. The sampling point is near the northern edge of the mire. Core was taken from a depth of 350 cm, but the base of the sediment section was not obtained because of equipment failure. The whole core length recovered was analysed for pollen and diatom analysis was performed on the basal sediment sequence. The lithostratigraphy, from top to the bottom, is given in Table 2 .
Two radiocarbon dates were obtained from the sediments (Table 3 ). The basal 10 cm of the peat at 240-250 cm depth was dated to 9330 ± 70 uncalibrated 14 C years BP, whereas a sample from the topmost 10 cm of the coarse detritus gyttja at 251-261 cm depth, yielded an age of 9970 ± 120 uncalibrated 14 C years BP.
Lake Ruokalahenjärvi
Lake Ruokalahenjärvi is the highest lake on Suursaari Island (Table 1 ). The lake is dystrophic and Table 4 . The basal minerogenic sediments have clear boundaries while the transition to silty gyttja and gyttja is gradual without distinct boundaries. A sample of gyttja from a depth of 895-900 cm below the water surface has been dated to 8010 ± 120 uncalibrated 14 C years BP by conventional radiocarbon analysis. A bulk AMS date of 9160 ± 100 uncalibrated 14 C years BP (Table 3) at the lower boundary of silt is considerably younger than expected while the first date fits well with the rational limit of Alnus. The earlier AMS date might be explained by a very low sedimentation rate. Wohlfarth et al. (1998) have shown that the longterm storage of wet samples appears to significantly effect radiocarbon age and they obtained anomalously young ages, even when the samples were kept cool. Fungi or micro-organisms may easily have been incorporated into the organic-rich medium and account for the large errors of several hundred to several thousand years.
Lake Liivalahenjärvi
Lake Liivalahenjärvi (Table 1) is a narrow N-S elongated dystrophic lake surrounded by mire. The lithostratigraphy of the investigated part of the sedimentary sequence, from top to the bottom, is shown in Table 5 .
There is a gradual increase in LOI in the sediment stratigraphy from the depth of 763 cm upwards and, similarly, downwards there is step-bystep coarsening of the grain size in the core. The lowermost part of the silty gyttja at the depth of 750-760 cm is dated to 9610 ± 50 (SOL) and 9570 ± 50 (INS) uncalibrated 14 C years BP (Table 3). 
Lake Veteljärvi
Lake Veteljärvi (Table 1) is a minor dystrophic lake surrounded by a small quagmire. The lowermost part of the silty gyttja, at a depth of 663.5-673.5 cm, is dated to 9530 ± 50 (SOL) and 9440 ± 70 (INS) uncalibrated 14 C years BP (Table 3). The pre-isolation sediments are devoid of diatoms while the silty gyttja contains small-lake diatoms similar to those in Lake Liivalahenjärvi and Lake Ruokalahenjärvi.
PALAEOENVIRONMENTAL ANALYSIS

Diatom record
Lounatkorkiasuo Mire
The 254-348 cm core section was analysed for diatoms. Fig. 2 shows the most common diatom species and this section is divided into three diatom zones (DZ1-DZ3). A complete list of diatoms is given in Heinsalu (1997 
Lake Ruokalahenjärvi
The basal part of the sediment column, between 974 and 880 cm, was analysed. The profile is divided into three diatom zones (DZ1-DZ3). Diatoms are not preserved in the basal gravel (Fig. 3) .
DZ1. 974-972 cm. -The sand contains few diatoms. Large-lake diatoms Aulacoseira islandica (O. Müller) Simonsen, Cymbella aspera (Ehrenberg) Peragallo, C. sinuata Gregory and Gyrosigma attenuatum (Kützing) Rabenhorst occur together with alkaliphilous and circumneutral periphytic small-lake diatoms Cymbella elginensis Krammer, Gomphonema truncatum Ehrenberg, G. coronatum Ehrenberg and Stauroneis phoenicenteron (Nitzsch) Ehrenberg.
DZ2. 972-963 cm. -There is a 50% peak of Fragilaria spp. Large-lake diatoms have disappeared. The small-lake diatoms mentioned in the previous zone are at an optimum in the middle of the zone while these lessen towards its upper boundary. Planktonic diatoms are almost absent. The pH is slightly above 7.
DZ3. 963-880 cm. -Small-lake diatoms characterise the assemblage. The amount of planktonic diatoms is consistently 20-30%. Cyclotella comensis Grunow dominates. In the upper part of the zone Aulacoseira nygaardii Camburn and A. valida (Grunow) Krammer appear. Periphytic acidophilous taxa such as Brachysira brebissonii Ross, Eunotia spp., Frustulia rhomboides (Ehrenberg) De Toni, F. rhomboides var. saxonica (Rabenhorst) De Toni are common. The pH value decreases constantly.
Lake Liivalahenjärvi
Only the lower part of the sediment profile below 724 cm has been analysed (Fig. 4) . The diatom stratigraphy is very similar to that recorded in Lake Ruokalahenjärvi and also divides into three diatom zones (DZ1-DZ3 DZ3. 760-724 cm. -In the silty gyttja alkaliphilous diatoms decline and small-lake diatoms such as Cyclotella comensis, Achnanthes flexella (Kütz-ing) Brun, Brachysira neoexilis are common. The value of the pH decreases below 7.
Pollen record
Lounatkorkiasuo Mire
The pollen diagram of the Lounatkorkiasuo Mire is divided into twelve local pollen assemblage zones (Fig. 5) .
LKS-1. LKS-10. 79-59 cm. -Salix and Picea values culminate in this zone. In the middle of the zone, the first pollen grains of Cerealia (Triticum-type) are registered, and from here the charcoal dust curve also increases. Pollen preservation improves and conifer stomata occur in this zone and the previous while their wider distribution takes place in the zone above.
LKS-11. 59-44 cm.
-The highest values for
Picea, a relatively high amount of Pinus and a maximum for conifer stomata are registered in this zone. LKS-12. 44-0 cm. -The most significant feature of the zone is a high value for Myrica-type pollen which suppresses the pollen proportions for the other AP species. Generally the Pinus curve rises, Picea and NAP decline while Betula is stable. Corylus occurs in somewhat higher proportions than in the zones below.
Lake Ruokalahenjärvi
The pollen diagram of the basal part of Lake Ruokalahenjärvi sediment core is divided into four local pollen assemblage zones (Fig. 6) .
RLJ-1. 970-957 cm. -Pinus and Picea dominate, and there are Betula, Betula nana-type and As the pollen material from the Lounatkorkiasuo Mire is more complete, the zones of Lake Ruokalahenjärvi are correlated with the former as follows: LKS-4 and RKL-1, LKS-5-6 and RKL-2, LKS-7 and RKL-3, LKS-8 and RKL-4.
ANCIENT SHORELINES
The ancient shorelines of the Baltic Sea on Suursaari Island are represented by accumulational boulder and pebble ridges, boulder, pebble and shingle fields, and abrasional cliffs and scarps. Sand dunes occur around Suurkylä in the northern part of the island. Raised shorelines are scattered and discontinuous and consequently correlation of them is sometimes complicated. Sauramo (1958) has described the highest shoreline on Suursaari Island at 120 m a.s.l. along Haukkavuori. Solifluction processes often have disturbed shorelines between 90 m and 110 m a.s.l. The most significant of those are the beach ridges at 91 m and 95-96 m and the terraces with boulders and pebbles at around 109 m a.s.l. on the slopes of the Vähänkorkia and Lounatkorkia hills (Fig. 7) . The isolation threshold of the Lounatkorkiasuo Mire is located immediately behind the coastal formations at 95.8 m a.s.l. There are ancient coastal formations at 84-87 m a.s.l. all over the island. The next distinct group of shorelines is situated at 60.5-64 m a.s.l. A few scarps and ridges occur between these pronounced shorelines ( Table 6 ).
The next group of shorelines between 30 m and 58 m a.s.l. can be correlated with the stratigraph- The Litorina Sea 23, 22, 20, 18, 16 23.1, 22.8, 20.3, 19, 18.5, 15.7, 14.7 18.1, 17.6, 16.7, 16.4, 15.5, 15, 14.9 The Limnea Sea 14, 12, 11, 9, 6, 5, 4 13.4, 12.4, 10.4, 9.9, 9.7, 8.3, 7.5 7.6, 7.4, 6.7, 6.6, 6.4, 6.2, 5.5, 5.2, 3.9 ic records for lakes Ruokalahenjärvi, Liivalahenjärvi and Veteljärvi, and that for Kipparlahtisuo Mire, and it is likely that these belonged to the Yoldia Sea and the Ancylus Lake. The 36-37 m ridge is the most prominent of these shorelines. The shorelines below 23 m a.s.l. are mainly accumulational beach ridges and, in comparison with mainland shorelines, belonged to the Litorina Sea and the Limnea Sea (Table 6 ). Recent storms have formed those shorelines at 3.5-3.8 m. The overlying ridges are covered by lichen, moss or vegetation and seem to be older.
DISCUSSION
History of the Baltic Sea
Shoreline features and palaeoenvironmental data can be used to reconstruct the history of the Baltic Sea following the last deglaciation. In the following text such a reconstruction is proposed. This is based on available evidence from Suursaari Island combined with the correlation of well-constrained events reconstructed elsewhere along the Baltic Sea basin. Correlation is based, successively, on three main types of evidence. The first type of evidence is correlation of raised shorelines on the island, based on their sequential altitudinal spacing, with elevated shorelines in Finland and Estonia. The second type is chronological and is based primarily on biostratigraphic correlation of the pollen assemblage zones and, second, on radiocarbon dating. The third type are local palaeoenvironmental indicators, such as diatom assemblage zones, that corroborate the general palaeogeographic context suggested by the reconstruction. It is difficult to estimate when the higher parts of Suursaari Island were freed of ice cover during the last glaciation and emerged. Because of its height, the island may have been an obstacle to the flow of already thin ice cover during the final retreat. It is most likely that Suursaari Island was a nunatak during the deglaciation of the Gulf of Finland. Raukas (1986) and Karukäpp et al. (1992) have proposed that dead ice occupied the whole of the Gulf of Finland after the deglaciation of Estonia. Therefore the evaluation of the origin and age of the highest shorelines on Suursaari Island is not straightforward. According to Sauramo (1958) , the raised shore at 120 m a.s.l. on the slope of Haukkavuori Hill is disturbed by solifluction processes. However, all shorelines above 100 m a.s.l. are estimated to be of pre-Allerød or Allerød age and were probably associated with local icedammed lakes that formed during the retreat of the ice-sheet from the Gulf of Finland.
From the isolation threshold of the Lounatkorkiasuo Mire (96 m a.s.l.), shoreline features between 95-96 m can be dated approximately at the Allerød-Younger Dryas transition, which corresponds to the time of formation of the Salpausselkä I end moraines (Donner 1978) . Therefore, the shoreline features correspond probably to the B I level of the Baltic Ice Lake. The B II level, which is c. 5 m lower than the B I level, formed during the ice margin retreat to Salpausselkä II end moraines (Donner 1969 ) and on Suursaari Island there is one such shoreline at 91-92 m a.s.l. The last high water level of the Baltic Ice Lake, named the B III level, corresponds to the phase at which the ice margin was stationary at Salpausselkä II, and is represented by those shorelines located c. 10 m below the B I (Donner 1969 ). Thus the B III level on Suursaari Island may be at 84.6-87 m a.s.l. The end of the Baltic Ice Lake took place c. 10 300 BP (Donner 1978 , Svensson 1989 when ice recession at Billingen in south central Sweden resulted in its drainage. The water level dropped by 25-28 m (Donner 1982 , Björck 1995 , Glück-ert 1995 and the level of the Baltic Sea basin became equivalent to that of the ocean. On Suursaari Island, the pronounced shoreline group at 60.5-64 m a.s.l. is just 23-24 m lower than the B III level. According to Björck (1995) , the main lowering of the Baltic Ice Lake to the level of the Yoldia Sea was a fairly rapid event lasting only a few years. There are some indications from the Finnish and Swedish shorelines (Donner 1978 , Glückert 1977 , Strömberg 1992 ) of a gradual lowering of the water level during drainage. The ancient shoreline data from Suursaari Island support the latter idea, as there are several minor coastal formations between the B III level and 60.5-64 m a.s.l. Sauramo (1958) has proposed that the shoreline at the altitude of 72 m a.s.l. on Suursaari Island marks the g level, a 25 m lower water stand before the B I level. However, Fyfe (1990) and Donner (1992) have suggested that there is no direct evidence of a transgression before the water level stood at the B I level and the g level was formed below water level.
Biostratigraphical records for lakes Ruokalahenjärvi, Liivalahenjärvi and Veteljärvi support data for shoreline displacement since the beginning of the Holocene. The isolation of Lake Ruokalahenjärvi is assumed to have occurred at the Younger Dryas-Pre-Boreal transition. The lower part of the pollen zone RKL-1 correlates well with the middle part of zone LKS-4 and this is supported by a 14 C date of 9970 ± 120 uncalibrated years BP from the Lounatkorkiasuo Mire (Figs. 5 and 6 ).
In Sweden, the Yoldia Sea has been divided into three phases according to palaeosalinity, with brackish-water conditions occurring during the middle phase (Svensson 1989 , Wastegård et al. 1995 . The Yoldia Sea formed at c. 10 300 BP when the Baltic Ice Lake was finally drained and the levels of the ocean and the Baltic Sea basin became equal. However, freshwater conditions persisted for almost 300 years at the eastern coast of Sweden (Svensson 1991) . The brackish phase of the Yoldia Sea has been estimated to lasted for 100 to 150 years (Svensson 1989) but there is some question if brackish waters reached the eastern part of the Baltic Sea basin. There is no clear answer to this from the diatom records available from Suursaari Island. Pre-isolation sediment of Lake Ruokalahenjärvi contains large-lake diatoms, such as Aulacoseira islandica, Gyrosigma attenuatum, Cymbella aspera and C. sinuata. It was isolated around 10 000 BP, when brackish waters had not yet spread into the Gulf of Finland. Lake Liivalahenjärvi was isolated during the last phase of the Yoldia Sea before c. 9600 BP. According to Sauramo (1958) , the basal fine sand/silt cored from the quagmire at Lake Liivalahenjärvi formed during the Pre-Boreal (Fig. 8) . The diatom assemblage indicates that a freshwater environment prevailed around Suursaari Island at that time. This is indicated by the planktonic, large-lake diatoms Aulacoseira islandica and Stephanodiscus neoastraea.
However, we should consider that sediments from Suursaari Island allow us only a glimpse of the pre-isolation history. Suursaari Island is situated in the middle of the Gulf of Finland, and during persistent westerly winds, it is a significant obstruction to westward waves. Today the present storm shoreline on Suursaari Island is about 3-4 m above the actual sea level. Diatoms were absent from the bottom-most gravel of sediment profiles in all the lakes investigated. The probable cause of this is destruction of the frustules by strong wave action and transport out of the broken pieces by currents. The isolation of lakes is indicated in the sediment stratigraphy as a transition from sand to clay, and the disappearance of large-lake diatom taxa. Fragilaria spp. began to increase at the same time as the isolation. Fragilaria spp. often blooms around the isolation and appears to be dependent on a high nutrient supply (Stabell 1985) . In this context, they are often termed as isolation indicators. Diatoms of the genus Fragilaria are often epipsammic, i.e. diatoms attached to sand and silt grains (e.g. Snoeijs & Balashova 1998), and, in the sediment records of Suursaari Island, their number decreases when organic-rich sediment started to accumulate.
The lowermost part of the silty gyttja from Lake Veteljärvi, representing the sediment record after lake isolation, was dated to c. 9500 BP. A pollen analysis by Sauramo (1958) indicates that the ba- Fig. 8 . Pollen diagram from the quagmire at Lake Liivalahenjärvi (according to Sauramo 1958). sal gyttja from the quagmire of Lake Veteljärvi formed during the Pre-Boreal (Fig. 9) . The threshold altitude for this lake lies at 39.9 m a.s.l. We have no reason to question the validity of that date and, therefore, the numerous shorelines at 56-58 m, 50-52 m, 46-47 m and 41-44 m a.s.l. belong to the Yoldia Sea. We have no data how far down the Yoldia Sea regression reached on Suursaari Island. Near Tallinn, the Yoldia Sea minimum level could be estimated at 23 m a.s.l. (Veski 1998) , and in the Vyborg area Dolukhanov (1979) has drawn the Yoldia Sea isobase at 20 m a.s.l. In southern Finland, the transgressional shoreline of the Ancylus Lake can still be traced at 70 m a.s.l., whereas in areas north of it, depending on the local land uplift, it is not present because the Ancylus Lake was regressive (Eronen 1983 , Ristaniemi & Glückert 1987 . Therefore there is no reason to doubt that the Ancylus Lake transgression exceeded the minimum level of the Yoldia Sea on Suursaari Island.
The Kipparlahtisuo Mire is located at 33 m a.s.l. Alnus increases in the basal gyttja of the sediment profile (Fig. 10) , and we hypothesise that this basin was isolated before alder inhabited the island. The expansion of Alnus has been dated to 8500 BP in northern Estonia (Saarse et al. 1998 , Veski 1998 . In southern Finland, the rational limit of Alnus has been dated to 8600 BP or 8300-8500 BP (Korhola & Tikkanen 1991) . The beginning of the Ancylus Lake is estimated at 9500 BP (e.g. Eronen 1976 , Donner & Eronen 1981 , Glückert & Ristaniemi 1982 , Saarse et al. 1997 ) and the Ancylus Lake transgression culminated around 9200 BP (Ristaniemi & Glückert 1987) or at 9000 BP (Eronen & Haila 1982 , Veski 1998 . Thus the pronounced shoreline at 36-37 m a.s.l. may have formed by the culmination of the Ancylus Lake transgression.
The shoreline displacement curve for Suursaari Island (Fig. 11) is compared with the similar land uplift isobase areas on the mainland at Tallinn, Estonia (Kessel & Raukas 1979 , Veski 1998 in the southwest, and at Vyborg, Russia in the northeast (Saarnisto & Grönlund 1996) . The level of the Baltic Ice Lake prior to the final drainage on Suursaari Island was approximately 15 m higher than expected from the isobases (Svensson 1989 , Donner & Raukas 1992 . The Ancylus Lake transgression maximum shoreline on Suursaari Island remains about 5 m higher than in the Vyborg area (Dolukhanov 1979) while differences in shoreline altitudes of the Litorina Sea have disappeared. According to Saari (1992) , Suursaari Island lies in between two fracture zones. Probably Suursaari Island is a small downfaulted bedrock block, and anomalous shoreline altitudes on Suursaari Island can be explained by accelerated neotectonic land uplift during the late-glacial and early Holocene. Similar irregular isostatic uplift during the early Holocene has been recorded in western Sweden (Risberg et al. 1996) .
Palaeoenvironmental development of Suursaari Island
The vegetational history has been mainly based on the Lounatkorkiasuo Mire data, complemented by Fig. 9 . Pollen diagram from the quagmire at Lake Veteljärvi (according to Sauramo 1958) .
Fig. 10. Pollen diagram from the Kipparlahtisuo Mire (according to Sauramo 1958).
the material from Lake Ruokalahenjärvi and compared with diagrams presented by Sauramo (1958) .
As suggested earlier (p. 36), Suursaari Island was most probably a nunatak during the final deglaciation of the Gulf of Finland. The bottom-most sand from the Lounatkorkiasuo Mire shows a dominance of AP over NAP in zone LKS-1. As zone LKS-2, with more than 60% of NAP, most probably correlates with the Younger Dryas, we assume that zone LKS-1 represents the late Allerød. Its sediment pattern, the presence of small-lake diatoms and the green algae Pediastrum indicate that the sheltered depression of the Lounatkorkiasuo Mire was occupied by a lake. In the late Allerød, Pinus, Betula and Salix stands spread in more sheltered locations, while higher areas around the Lounatkorkiasuo Mire clearly retained their tundra-like vegetation. The pine and birch pollen in the late Allerød sediments of the Lounatkorkiasuo Mire could also be explained by long distance aeolian transport to the site from more southern localities, as shown by Aario (1940) for the barren landscape of Finnish Lapland. In this example Betula nana and Salix polaris were probably the only arboreal pollen producers in the area.
The proportion of Picea is quite significant in the Allerød and Younger Dryas. The presence of Picea in the Allerød forest on the Estonian mainland has been widely discussed. Near Kunda, North-Estonia, Thomson (1929 Thomson ( , 1935 found pollen grains of Picea at values close to 30% and spruce needle macrofossils in the layers that he correlated with the Allerød. The complex discussed was later correlated with the end of the Younger Dryas (Raukas 1986) . Picea remains significant at Haljala, 15 km SW from Kunda (Män-nil & Pirrus 1963 , Raukas 1986 , and at more southern localities in Estonia (Pirrus 1969 , Saarse et al. 1995 . On Suursaari Island Picea has low and even values during the late Allerød, as well as in the Younger Dryas. Possibly, the locality was too northerly and severe for spruce (as well as for Alnus and Corylus) and the pollen was Kessel & Raukas 1979 , Veski 1998 and Vyborg (according to Saarnisto & Grönlund 1996) . For the location of the sites see Fig. 1 . brought from the south by long distance air transport to the site, or out-washed into the basin from till. However, there is no overwhelming evidence on the Estonian mainland for the previous statement about Allerød spruce because the majority of the Allerød sites are sub-aquatic and parts of larger basins, in which there was considerable redeposition and washout of pollen grains from glacial deposits. Nevertheless, as Kullman (1996) has shown in central Sweden, spruce could have been present much earlier than its pollen record suggests.
During the Late Weichselian, the Salpausselkä foreland and large territories of northern Estonia were submerged and, consequently, dry land sites for pollen analysis are available in central Estonia and in the southeastern foreland of the Salpausselkä (Tolonen 1967 , Hyvärinen 1971 . Hyvärinen (1973) , however, admits that the supraaquatic pollen floras correspond well with those of the subaquatic Younger Dryas sites (Tynni 1966 , Repo & Tynni 1967 . The supra-and sub-aquatic Younger Dryas pollen floras in Estonia are also well correlated (Pirrus 1969) . However, with increasing age sediments tend to contain more rebedded pollen grains making their stratigraphical subdivision extremely complicated. It could well transpire that the lower parts of the North-Estonian Allerød sites, such as Haljala, Pudisoo and Tallinn (Fig. 1) , are of doubtful stratigraphic value due to the relative closeness of the ice marginal zone.
During the Allerød-Younger Dryas transition, the water level was about 96 m a.s.l. and the highest parts of the present island of Suursaari formed an archipelago of seven islets with tundra vegetation; the northern tip, Pohjoiskorkia, being only a bare rock some metres above the water surface (Fig. 12A) .
Zone LKS-2, correlated with the Younger Dryas, begins with the establishment of tundra vegetation on the whole island (correlated with the NAPa zone of Hyvärinen 1971) with ArtemisiaChenopodiaceae-Ranunculaceae-Saxifraga oppositifolia-Polygonum aviculare dominating. Correlation with Finnish vegetation data rather than with Estonian data is more relevant when the type of bedrock is considered. The main differences in the vegetation history between southeastern Finland and Suursaari Island are time transgressive. The NAPc zone of Hyvärinen (1973) belongs to the Pre-Boreal. The Lycopodium sub-zone (Hyvärinen 1973) , contemporaneous with the birch maximum in southern Finland, has been correlated with zone LKS-4 in the Lounatkorkiasuo Mire. If this is not the case, the vegetation development has gone through the same phases as in southern Finland, which, because of the earlier deglaciation, have been somewhat earlier on the island of Suursaari.
The initial development of the Lounatkorkiasuo Mire basin as a small pool is characterised by an alkaline freshwater environment. Inwashing of minerogenic particles from the steep slopes of the surrounding hills resulted in increased input of base cations. The presence of periphytic diatoms common in arctic lakes (e.g. Cymbella minuta, C.cuspidata , Nitzschia frustulum, Navicula pseudoscutiformis and N. laevissima) indicate a cold climate. Fragilaria spp. often dominate in the sediments of recently deglaciated areas (Haworth 1976) and in Antarctic lakes (Wasell & Håkans-son 1992 , Jones 1993 . Small Fragilaria spp. are often competitive on sandy and silty habitats (Kingston 1984) . Because of their higher turnover rates, these small-celled diatoms may quickly form blooms and outcompete larger diatoms with slower growth rates during the brief growing season in arctic lakes (Lotter et al. 1999) . At the same time, the almost complete absence of planktonic diatoms in diatom zone 1 may indicate extensive ice cover and a short ice-free season (Douglas & Smol 1999) . Cyclotella antiqua prefers both littoral and pelagic environments (Krammer & Lange-Bertalot 1991) . The low diatom concentration can be explained by either severe climatic conditions and/or a sediment accumulation rate that was higher in diatom zone 1 with diatoms becoming relatively diluted in the sediment matrix. Therefore, increases in diatom concentration in diatom zone 2 may be explained by a smaller rate of accumulation. Fragilaria exigua, the dominant diatom in the zone, has a pH optimum below 7 (Korsman & Birks 1996) . The diatom-recorded decrease in pH may be the effect of depletion of pH-buffering compounds in the catchment and reduction of erosion from the hillslopes.
Subsequently the predominantly Artemisia-tundra is more widely inhabited by Betula nana in zone LKS-3 (NAPb zone in Hyvärinen 1973) and there is a change in the NAP composition. Prior to the final drainage of the Baltic Ice Lake about 10 400 BP, the archipelago of Suursaari consisted of eight islets (Fig. 12B ). While Artemisia decreased, other arctic species, such as Cyperaceae, Poaceae and Rumex, expanded. According to Hyvärinen (1971) , the grass and sedge phase may be quite short and of transitional origin because the deposits consist of comparatively coarse sediments whose relative age may be exaggerated by a rapid sedimentation rate. Afterwards the climate gradually improved, Juniperus and Salix immigrated forming a low shrub tundra with Empetrum nigrum and sedges in zone LKS-4 (NAPc in Hyvärinen 1971) . The more sheltered southern slopes offered a reasonably favourable site for the developing open birch forest; the Lycopodium peak being associated with this environment before the invasion of the field layer by ferns in more wet areas.
Increasing LOI values at 10 000 BP indicate an increase in autochthonous productivity in the Lounatkorkiasuo Mire basin and, consequently, a change to more dystrophic conditions is clear. The abundance of Eunotia spp., diatoms that often expand in bog-pools and among mosses, suggests paludification and infilling of the lake. The final drainage of the Baltic Ice Lake caused a rapid regression of the water level (about 25 m) and created virgin rock surfaces suitable for colonisation by vegetation. At the Late Weichselian/Holocene boundary (10 000 BP), when the water level was about 58.5 m a.s.l., Lake Ruokalahenjärvi was isolated from the main basin (Fig. 12C) . In a short period during the Pre-Boreal chronozone (between 10 000 and 9000 BP), the rest of the lake basins were isolated, and the island of Suursaari no longer had an archipelago setting (Fig. 12D) .
The beginning of the Pre-Boreal is clear from lithostratigraphy and it also records a marked change in vegetation development. A thin peat layer at 264 cm separated the lower silty gyttja and the overlying coarse detritus gyttja, which no longer contained Pediastrum, and was transformed into a Phragmites peat at the depth of 251 cm. In the Pre-Boreal, the forest tundra vegetation changed rapidly into birch forest with ferns in the field layer. The former lake basin became overgrown and peat accumulation started. The lightdemanding AP species gradually vanished, as Ulmus and Corylus made their first efforts to establish themselves on the island. At the end of the Pre-Boreal, birch had occupied every possible growing place and the landscape became somewhat closed as Pinus and local NAP diminished to almost negligible amounts. This event is better observed at higher elevation areas in the Lounatkorkiasuo Mire, whereas in lower, elevated parts of the island, the sea-level fluctuations created open surfaces for pine colonisation. The maximum occurrence of birch in the Lake Ruokalahenjärvi zone RKL-2 is correlated with zones LKS-5 and LKS-6.
The catchment areas of the lakes on Suursaari Island are small and consist mostly of bare crystalline bedrock. The isolation sediments of lakes Ruokalahenjärvi and Liivalahenjärvi are characterised by alkaliphilous diatoms. After the isolation in the early Holocene, weathering material and available leachable mineral nutrients from the catchment were transported into the lake basins, which may explain the relatively high pH level. During that period, clay and silt were deposited. Higher initial nutrient and pH levels can be explained alternatively by "remnant" pre-isolation water, which persisted during the water retention time. The alkaliphilous diatom flora was soon replaced by small-lake, circumneutral and acidophilous taxa, and the pH sharply decreased. The floristic shift meant a change in oligotrophic conditions and paludification of the basin margins led to dystrophication of the lakes. The rapid pH decrease and oligo-dystrophication indicate that the catchment was depleted of nutrients and weathering, and that soil leaching became relatively insignificant in nutrient supply to the lakes.
In the zone LKS-7 (correlated with the Boreal chronozone), Pinus invades the area together with Ericales in the field layer. The climate and the soil cover soon improved enough to allow first Alnus and then QM and Corylus to establish themselves on the slopes surrounding the mire. The pollen diagram suggests that these species appeared at the same time. Most probably this happens due to the very low sedimentation during the climatic optimum (zone LKS-8). Since the immigration of Alnus and the QM, the forest around the Lounatkorkiasuo Mire became dense and pollen productive, for we do not see exotic pollen grains (e.g. Ephedra) any longer. This also means that, compared to Lake Liivalahenjärvi (Sauramo 1958) , the vegetation history can only be established for a very small area because of the expansion of Alnus. Salix, Frangula alnus, Alnus and Betula probably inhabited the wetter areas during the climatic optimum, while QM and Corylus surrounded the basin. The slopes of the Lounatkorkia Hill rise considerably above the mire offering suitable growing habitats for pine and birch -their proportion in vegetation remains fairly important during the climatic optimum. As the landscape was generally closed and the climate mild there are no drastic differences in the vegetation of the lower and higher elevated parts of the island that developed during the climatic optimum. The make-up of the island had quite a similar form to that seen at present (Fig. 12E) .
Climatic deterioration after the climatic optimum (correlated with the Atlantic/Sub-Boreal boundary at 5000 BP) affected the QM and Corylus stands, and Picea established itself on the island. The opposite behaviour of pine and alder reflected differences between the high and the low parts of the island. In low areas Pinus dominated and Picea and Alnus decreased remarkably. In contrast, in the Lounatkorkiasuo Mire, Alnus attained its widest distribution during the Sub-Boreal (zone LKS-9). The Picea maxima coincide with low herbaceous plant proportions, thus the actual local vegetation history represents periods of a more closed Picea forest and somewhat more open Betula-Picea forest. Picea also affected the QM, which decreased during periods of spruce expansion. Frangula, Salix, Myrica (zone LKS-12), Juniperus and Corylus gained locally improved growing conditions between the spruce expansions. Prehistoric human interference on the landscape started at zone LKS-10, and increased, but it still remained comparatively low, as the island was not very suitable for agriculture.
CONCLUSIONS
1. The oldest analysed sediments on Suursaari Island from the Lounatkorkiasuo Mire at 96 m a.s.l. deposited during the late Allerød. Lateglacial vegetation development went through the same phases as in southern Finland, however these are probably somewhat earlier on the Island of Suursaari. There are differences in the Holocene vegetation history of the higher and lower areas of the island. 2. Lake Ruokalahenjärvi was isolated around 10 000 BP during the initial phase of the Yoldia Sea and diatom assemblage indicates that at that time brackish-water flow had not penetrated into the Gulf of Finland. Diatoms from the isolation sediments of Lake Liivalahenjärvi and Lake Veteljärvi indicate a freshwater environment for the Yoldia Sea final phase at 9500-9600 BP. 3. Late Weichselian and early Holocene ancient shorelines on Suursaari Island lie 5-15 m higher than expected from the isobasis of similar land uplift areas on the mainland. The anomalous shoreline altitudes on Suursaari Island may be explained by irregular land uplift. By the time of the Litorina Sea differences in shoreline altitudes had disappeared.
